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ARTICLE INFO ABSTRACT

Keywords: Self-amplifying RNA (saRNA) is a next-generation vaccine platform, but like all nucleic acids, requires a delivery
Self'?mphfymg RNA vehicle to promote cellular uptake and protect the saRNA from degradation. To date, delivery platforms for
Replicon saRNA have included lipid nanoparticles (LNP), polyplexes and cationic nanoemulsions; of these LNP are the
g:lc;;ll:x most clinically advanced with the recent FDA approval of COVID-19 based-modified mRNA vaccines. While the

effect of RNA on vaccine immunogenicity is well studied, the role of biomaterials in saRNA vaccine effectiveness
is under investigated. Here, we tested saRNA formulated with either pABOL, a bioreducible polymer, or LNP, and
characterized the protein expression and vaccine immunogenicity of both platforms. We observed that pABOL-
formulated saRNA resulted in a higher magnitude of protein expression, but that the LNP formulations were
overall more immunogenic. Furthermore, we observed that both the helper phospholipid and route of admin-
istration (intramuscular versus intranasal) of LNP impacted the vaccine immunogenicity of two model antigens
(influenza hemagglutinin and SARS-CoV-2 spike protein). We observed that LNP administered intramuscularly,
but not pABOL or LNP administered intranasally, resulted in increased acute interleukin-6 expression after
vaccination. Overall, these results indicate that delivery systems and routes of administration may fulfill different
delivery niches within the field of saRNA genetic medicines.

Lipid nanoparticle
Protein expression
Immunogenicity
SARS-CoV-2

1. Introduction

Self-amplifying RNA (saRNA) is a next-generation platform for
nucleic acid vaccines [1]. The backbone, typically derived from an
alphaviral genome [2], encodes a gene of interest (GOI) and a viral
replicase, which is able to amplify the genomic and subgenomic RNA.
The self-amplification properties enable use of a much lower dose of
saRNA compared to messenger RNA (mRNA), typically 100-fold lower
[3]. saRNA is a versatile platform since it is possible to generate a vac-
cine against any pathogen for which a protein target is known, for
example, influenza [4], chlamydia [5], HIV-1 [6,7], Ebola [8] and RSV
[9]. Furthermore, the potential of saRNA was recently tested in a first-in-
human combined Phase I/II clinical trial against SARS-CoV-2, demon-
strating the potency and scalability of this technology [1,10]. Like all

nucleic acid vaccines and therapies, saRNA requires a delivery vehicle to
promote cellular uptake and inhibit degradation of the RNA.

Previous formulations of saRNA have been primarily lipid nano-
particles (LNP) [5,6,10,11], polyplexes [4,8] and cationic nano-
emulsions [7]. LNP are the most clinically progressed formulation
technology for both saRNA and mRNA, with the recent Emergency Use
Authorization of the Pfizer/BioNTech [12] and Moderna [13] COVID-19
vaccines, which are both LNP formulations. Typically, LNP formulations
contain an ionizable lipid, helper lipids (cholesterol and a phospholipid)
and a PEGylated lipid [14]. While the saRNA is typically encapsulated
on the interior of the LNP, it has also been shown that the saRNA can be
complexed to the exterior of an LNP in a lipoplex [6]. Although various
formulations have been shown to be effective platforms for saRNA, there
have been few head-to-head studies comparing the delivery efficiency
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and vaccine immunogenicity of these systems.

It is well known that RNA is detected by innate intracellular sensing
mechanisms, such as toll-like receptors (TLR) 3, 7 and 8, retinoic acid-
inducible gene I (RIG-I), protein kinase R (PKR) and 2'-5' oligoadeny-
late synthetase (OAS) [15,16]. This innate sensing is known to elicit the
self-adjuvantation properties of RNA vaccines [17], but can also inhibit
translation [18] and lead to upregulation of mRNA degradation [19].
Beyond RNA sensing, Miao et al. observed that LNP formulations with a
dihydroimidazole linker, cyclic amine head group and unsaturated lipid
tail target the intracellular stimulator of interferon genes (STING)
pathway, resulting in limited cytokine expression and enhanced anti-
tumor efficacy. Furthermore, the route of administration is known to
affect the protein expression from mRNA formulations [20], although
the protein expression is not necessarily correlated with vaccine
immunogenicity [4]. The role of the delivery vehicle, and how this
varies between formulations and routes of administration, in saRNA
protein expression and vaccine immunogenicity has not previously been
investigated.

Here, we performed a head-to-head comparison of saRNA formu-
lated with LNP or pABOL, a bioreducible polymer that was previously
shown to be an efficient delivery vehicle for saRNA vaccines [4]. We first
compared the in vivo protein expression of saRNA formulated with
PABOL and a variety of LNP formulations. We then compared the
matching formulations with saRNA encoding the influenza hemagglu-
tinin (HA) glycoprotein as a model antigen in order to characterize
immunogenicity differences. Furthermore, we also investigated the dose
response curve for LNP against the spike glycoprotein protein from
SARS-CoV-2 as a model antigen and compared the intramuscular (IM)
and intranasal (IN) routes of administration. We characterized the hu-
moral immune responses, including circulating and mucosal antibody
titers and viral neutralization, as well as cellular immunity. Finally, we
assessed differences in systemic cytokine responses arising due to
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variations in formulation and route of administration.
2. Materials and methods
2.1. Vectors

saRNA was synthesized from a backbone plasmid vector based on a
Trinidad donkey Venezuelan equine encephalitis strain (VEEV) alpha-
virus genome as previously described (Fig. 1A) [21]. The gene of interest
(GOI) for in vivo protein quantification studies was firefly luciferase
(fLuc) and either hemagglutinin from the HIN1 A/California/07,/2009
strain [4] or the spike glycoprotein of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [21] for in vivo immunogenicity studies.
Plasmid DNA (pDNA) was transformed into DH5a E. coli (New England
BioLabs, UK), cultured in 100 mL of Luria Broth (LB) with 100 pg/mL
carbenicillin (SigmaAldrich, UK) and isolated using a Plasmid Plus
MaxiPrep™ kit (QIAGEN, UK). The concentration of pDNA was
measured on a NanoDrop One™ (ThermoFisher, UK).

2.2. In vitro transcription of saRNA

Post-transcriptionally capped saRNA was synthesized as previously
described [11]. Briefly, uncapped RNA was prepared using 1 pg of
linearized DNA template in a MEGAScript reaction (Ambion, UK) ac-
cording to the manufacturer’s protocol. Transcripts were then purified
by overnight LiCl precipitation at —20 °C, pelleted by centrifugation at
14,000 RPM for 20 min at 4 °C, washed once with 70% ethanol,
centrifuged at 14,000 RPM for 5 min at 4 °C and then resuspended in
UltraPure HyO (Ambion, UK). Purified transcripts were then capped
using the ScriptCap m’G capping system (CellScript, Madison, WI, USA)
and ScriptCap 2'-0-methyltransferase kit (CellScript) simultaneously
according to the manufacturer’s protocol. Capped transcripts were then
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Fig. 1. Schematic illustration of VEEV self-amplifying RNA (A), polymeric and lipid nanoparticle formulations (B) and pABOL chemical structure (C).
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purified by LiCl precipitation, as detailed above, resuspended in Ultra-
Pure Hy0 and stored at —80 °C until formulation.

2.3. saRNA formulation with pABOL

pABOL (M,, = 8 kDa) was prepared using a modified literature
protocol [4]. N,N'-cystaminebis(acrylamide) (CBA) (1.855 g, 7.12
mmol), 4-amino-1-butanol (ABOL) (654.7 pL, 7.10 mmol), and trie-
thylamine (98.2 pL, 0.705 mmol) were added into a Schlenk flask
charged with a stir bar. A mixed solvent, MeOH/water (1.469 mL, 4/1,
v/v), was subsequently added. Polymerization was carried out in the
dark at 45 °C under a static nitrogen atmosphere. Aliquots of the reac-
tion mixture were taken until the weight average molecular weight
reached 8 kDa according to GPC analysis using narrow PMMA standards
and DMF as eluent. The reaction was subsequently quenched by the
addition of 10% excess ABOL (65.4 pL, 0.710 mmol) and allowed to stir
at 45 °C for an additional 24 h. The reaction mixture was then diluted
with MeOH, acidified with 1 M HCI to pH ~ 4, and then purified by
dialysis against acidic water (pH ~ 4, refreshed twice daily over 7 days).
The polymers in their HCl-salt form were collected as a white solid after
lyophilisation. A stock solution of 8 kDa pABOL was prepared in mo-
lecular grade water at a concentration of 50 mg/mL. Polyplexes were
prepared by the ‘titration method’ as previously described [4]. Briefly,
in a typical preparation, 5 pL of a stock solution of saRNA (1 mg/mL)
was diluted in 35 pL of HEPES buffer (20 mM HEPES, 5 wt% glucose in
water, pH 7.4). A volume of 4.5 pL of pABOL stock solution was diluted
in 5.5 pL of HEPES buffer. The saRNA solution was then added to the
polymer solution (mixed at 1200 RPM) at a rate of 160 pL/min, for a
final N:P ratio of 45:1.

2.4. saRNA formulation with LNP

A proprietary mix of lipids was prepared at a concentration of 25 mM
in ethanol, including an ionizable lipid (Precision NanoSystems, Inc.),
helper lipid (either 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) or 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), choles-
terol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 DMG-PEG) as detailed in patent publication WO21000041 Al.
saRNA was diluted to a concentration of 174 pg/mL in RNA formulation
buffer at pH 4. Lipids in ethanol and saRNA in aqueous buffer were
mixed to form lipid nanoparticles on a NanoAssemblr® Ignite™ at an N:
P ratio of 8:1, a flow rate ratio of 3:1 (RNA to lipids), total flow rate of 12
mL/min and start waste volumes of 0.05 mL. The LNP were then diluted
40x in 1x PBS (Ca®" and Mg?" free) and centrifuged using an Amicon
ULTRA-15 10,000 MWCO centrifugal filter (Millipore, UK) at 2000 x g
for 30 min at 10 °C to remove ethanol.

2.5. Nanoparticle characterization

Particle size (hydrodynamic diameter, Dy) and polydispersity (P)
was analyzed using dynamic light scattering (DLS) and measured on a
Zetasizer Nano ZS™ instrument (Malvern, UK). The scattering angle was
fixed at 173° and data was processed using cumulant analysis of the
experimental correlation function, and the Stokes-Einstein equation to
calculate hydrodynamic radii. Zeta potential measurements were also
conducted at 25 °C on a Zetasizer Nano ZS instrument. All solutions were
analyzed using disposable polystyrene cuvettes.

2.6. Encapsulation efficiency

The encapsulation efficiency of LNP were quantified using a modi-
fied RiboGreen assay (Life Technologies, UK). 1x TE buffer was pre-
pared by adding 10 mL of 20x TE buffer to 190 mL RNAse-free water.
Triton buffer was prepared by adding 2 mL of Triton X-100 to 100 mL of
1x TE buffer. Stock solutions of RNA and samples were prepared in
Triton buffer, and the assay was performed according to the
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manufacturer’s protocol in a black 96 well plate. The plate was analyzed
using a FLUOstar Omega™ plate reader (BMG LABTECH, UK) using an
excitation of 485 nm and emission of 528 nm, and the background
fluorescence was subtracted from each sample during analysis. The
encapsulation efficiency (EE) was calculated using the following
equation:

wTotal RNARivoGreen in Triton TE buffer — RNA outside LNPripoGreen in 12

EE =100
Total RNARipoGreen in Triton TE buffer

2.7. In vivo fLuc expression in mice

All animals were handled in accordance with the UK Home Office
Animals Scientific Procedures Act 1986 and with an internal ethics
board (the Animal Welfare and Ethical Review Body (AWERB)), and UK
government approved project license (P63FE629C) and personal license
(IC37CBBSF). Food and water were supplied ad libitum. Female BALB/c
mice (Charles River, UK) 6-8 weeks of age were placed into groups (n =
5) and housed in a full acclimatized room. In vivo imaging was per-
formed as previously described [5]. Mice were injected intramuscularly
(IM) in both hind leg quadriceps with 5 pg of fLuc saRNA formulations in
a total volume of 50 pL. After 7 days, the mice were injected intraperi-
toneally (IP) with 150 pL of XenoLight RediJect™ D-Luciferin substrate
(PerkinElmer, UK) and allowed to rest for 10 min. Mice were then
anesthetized using isoflurane and imaged on an In Vivo Imaging System
(IVIS) FX Pro™ (Kodak Co., Rochester, NY, USA) equipped with Mo-
lecular Imaging software version 5.0 (Carestream Health, USA) for 2
min. The signal from each injection site was quantified using Molecular
Imaging software and expressed as total flux (p/s).

2.8. In vivo HA and SARS-CoV-2 immunogenicity in mice

BALB/c mice aged 6-8 weeks old were placed into groups of n = 5
and injected intramuscularly in the hind quadricep with a dose of HA or
SARS-CoV-2 saRNA formulated with LNP or pABOL, ranging in doses
from 0.0001 to 1 pg of RNA in a volume of 50 pL. For intranasal (IN)
administration, mice were anesthetized using isoflurane and formula-
tions were pipetted into the nasal cavity in a volume of 100 pL. Animals
were immunized at week 0, boosted with a second vaccination at week 4
and either challenged or euthanized using a Schedule 1 method at week
6, at which time the spleens were excised and processed into single cell
suspensions for use in assays. Serum samples were collected at week 4
and 6 timepoints. Mucosal sampling was performed at week 6 by rinsing
the vaginal cavity with a positive displacement pipette with a total of
150 pL of PBS per mouse.

2.9. Influenza challenge study

Two weeks after the boost injection (6-week timepoint), mice were
challenged with 4.2 x 10° pfu of influenza (Cal/09) suspended in 100 pL
of PBS. Mice were anesthetized using isoflurane and challenged IN. Mice
were weighed individually each day to determine weight loss. According
to the challenge protocol human endpoint, mice were euthanized if they
sustained more than 3 days of 20% weight loss or 1 day of 25% weight
loss in line with the humane endpoints detailed in the animal license.

2.10. HA and SARS-CoV-2 specific ELISA

A semi-quantitative immunoglobulin ELISA protocol was performed
as previously described for HA and SARS-CoV-2 spike antigens. [22]
MaxiSorp™ high binding ELISA plates (Nunc, UK) were coated with 100
pL per well of 1 pg/mL recombinant HA or SARS-CoV2 protein in PBS.
For the standard, three columns on each plate were coated with 1:1000
dilutions of both goat anti-mouse Kappa (Southern Biotech) and Lambda
light chains (Southern Biotech). After overnight incubation at 4 °C, the
plates were washed 4x with 0.05% (v/v) Tween-20 in PBS and blocked
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for 1 h at 37 °C with 200 pL of blocking buffer (1% BSA (w/V) in 0.05%
(v/v) Tween-20 in PBS). The plates were washed and the diluted sam-
ples or a 5-fold dilution series of the standard IgG was added in a volume
of 50 uL per well. Plates were incubated for 1 h at 37 °C, washed and the
secondary antibody (anti-mouse IgG-HRP, Southern Biotech) was added
at a 1:2000 dilution in blocker buffer. After incubation at 37 °C for 1 h
the plates were washed and developed using 50 pL per well SureBlue
TMB (3,3, 5,5-tetramethylbenzidine) substrate, and the reaction
stopped after 5 min with 50 pL of stop solution (Insight Biotechnologies)
per well. The absorbance was read on a Versamax Spectrophotometer at
450 nm (BioTek Industries).

2.11. Pseudotyped virus neutralization assay

An HIV-pseudotyped luciferase-reporter based system was used to
assess the neutralization ability of sera from vaccinated animals against
SARS-CoV-2 as previously described [21]. Briefly, the SARS-CoV-2
pseudotyped virus was produced by co-transfection of HEK 293 T.17
cells with an HIV-1 gag-pol plasmid (pCMV-A8.91, a kind gift from Prof.
Julian Ma, St George’s University of London), a firefly luciferase re-
porter plasmid (pCSFLW, a kind gift from Prof. Julian Ma, St George’s
University of London) and a plasmid encoding the S protein (pSARS-
CoV2-S) at a ratio of 1:1.5:1. Virus-containing medium was clarified by
centrifugation and filtered through a 0.45 pm membrane 72 h after
transfection, aliquoted and stored at —80 °C. For the neutralization
assay, heat-inactivated sera were first serially diluted and incubated
with virus for 1 h, then the serum-virus mixture was transferred into
wells pre-seeded with Caco2 cells. After 48 h cells were lysed, and
luciferase activity was measured using the Bright-Glo™ Luciferase Assay
(Promega, UK). The neutralization ICsy was then calculated using
GraphPad Prism™ (version 8.4).

2.12. IFN-y ELISpots

Quantification of the IFN-y T cell response was performed using the
Mouse IFN-y ELISpot™US kit (Mabtech) according to the manufacturer’s
protocol. Briefly, anti-IFN- y pre-coated plates were blocked with DMEM
+10% FBS for at least 30 min, then splenocytes were added at 2.5 x 10°
cells per well for negative control (media only) and SARS-CoV-2 peptide
pools (15-mers overlapping by 11; JPT Peptides) (1 pg/mL) in a volume
of 200 pL per well. The positive control wells contained 5 x 10* sple-
nocytes per well in a 200 pL volume per well with a concentration of 5
pg/mL of ConA. Plates were incubated overnight with 5% CO, ina 37 °C
incubator and developed per the manufacturer’s protocol. Once dried,
plates were read using the AID ELISpot reader ELRO3 and READER
software (Autoimmun Diagnostika GmbH).

2.13. Cytokine analysis in sera

Mice were bled 4 h after inoculation with SARS-CoV-2 LNP or pABOL
formulations and the sera was collected and stored at —80 °C. The
cytokine response was characterized using a Mouse Th1/Th2 Procarta-
Plex Immunoassay (ThermoFisher Scientific, UK) on a Bio-Plex 200
System (Bio-Rad), according to the manufacturer’s instructions.

2.14. Statistical analysis

Graphs and statistical analysis were prepared in GraphPad Prism
(version 9). Statistical differences were analyzed using either a two-way
ANOVA adjusted for multiple comparisons or a Kruskal-Wallis test
adjusted for multiple comparisons, with p < 0.05 used to indicate
significance.
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3. Results

3.1. pABOL and LNP formulations exhibit similar size and encapsulation
efficiency, but not surface charge

The physical characterization of saRNA formulations prepared with
LNP or pABOL (Table 1, Fig. 1B) is shown in Fig. 2. The particle di-
ameters and polydispersity for pABOL (Fig. 1C), DOPE (LM01-04PE) and
DSPC (LMO3PC) LNP formulations were equivalent; ~80 nm for all
particles with polydispersity of ~0.10 (Fig. 2A). However, there were
differences in the surface charge (zeta potential) between the pABOL
and LNP formulations. The pABOL polyplexes, formulated at a previ-
ously optimized N:P ratio of 45:1, [4] had a positive zeta potential of +8
mV, whereas the LNP formulations had a neutral zeta potential (—2 to
+2 mV) (Fig. 2B). Quantification of encapsulated (LNP) or complexed
(pABOL) saRNA revealed that all formulations had high encapsulation
efficiency (>84%, Fig. 2C). Overall, the nanoparticles exhibited similar
size and encapsulation efficiency, but pABOL formulations had a more
positive surface charge than LNP.

Table 1
Lipid nanoparticle formulation compositions.

D N/P

Ratio

Ionizable lipid Phospholipid  Lipid mole ratio
(Ionizable lipid:
phospholipid:
cholesterol:

DMG-PEG)

LMO1PE  (2R,3S,49)-2-(((4-
(dimethylamino)
butanoyl)oxy)methyl)
tetrahydrofuran-3,4-
diyl (92,9'7,127,12'7)-
bis(octadeca-9,12-
dienoate)
(2R,38,45)-2-(((5-
(dimethylamino)
pentanoyl)oxy)
methyl)
tetrahydrofuran-3,4-
diyl (92,9'2,12Z,12'7)-
bis(octadeca-9,12-
dienoate)
(2R,35,45)-2-(((1,4-
dimethylpiperidine-
4-carbonyl)oxy)
methyl)
tetrahydrofuran-3,4-
diyl
(92,9°7,127,12°Z)-bis
(octadeca-9,12-
dienoate)
(2R,35,45)-2-(((1,3-
dimethylpyrrolidine-
3-carbonyl)oxy)
methyl)
tetrahydrofuran-3,4-
diyl
(92,9°'Z,12Z,12'Z)-bis
(octadeca-9,12-
dienoate)
(2R,35,45)-2-(((1,4-
dimethylpiperidine-
4-carbonyl)oxy)
methyl)
tetrahydrofuran-3,4-
diyl
(92,9'7,127,12°Z)-bis
(octadeca-9,12-
dienoate)

DOPE 50:10:38.5:1.5 8

LMO2PE DOPE 50:10:38.5:1.5 8

LMO3PE DOPE 50:10:38.5:1.5 8

LMO4PE DOPE 50:10:38.5:1.5 8

LMO3PC DSPC 50:10:38.5:1.5 8
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Fig. 2. Characterization of saRNA polymeric and lipid nanoparticle formulations: particle size (A) and zeta potential (B) as determined by dynamic light scattering
(DLS) and encapsulation efficiency of saRNA relative to initial loading (C) as determined by RiboGreen assay. Bars represent mean =+ standard deviation for n = 3. For
(A), bars and error bars correspond to the left axis (particle diameter) and dots correspond to the right axis (PDI).

3.2. pABOL formulations result in increased protein expression of saRNA
in vivo

We had previously tested saRNA with formulations with pABOL and
LNPs in independent studies for protein and/or vaccine immunogenicity
[4-6,11,21,23]. Here, we aimed to test pABOL and LNPs in a head-to-
head study to better understand the differences between these saRNA
formulations. We formulated saRNA encoding fLuc either with 8 kDa
PABOL or 5 different LNP formulations (LMO1PE to LMO3PC) and
quantified the in vivo protein expression after 7 days (Fig. 3, Supple-
mentary Fig. 1). We observed that pABOL formulations had significantly
higher fLuc expression (~5 x 10° p/s) compared to LNP formulations.
Within the LNP groups, there was a trend that formulations containing
helper lipid DOPE had higher protein expression than those containing
DSPC. The DOPE LNP groups ranged from 8 x 10% to 7 x 10° p/s, with
LMOA4PE exhibiting the highest protein expression. Overall, these results
indicate that pABOL formulations led to higher intramuscular saRNA
translation in vivo than LNPs and that within the tested LNP formula-
tions, DOPE enabled superior protein expression compared to DSPC.

3.3. LNP formulations enable higher immunogenicity of saRNA against
HA than pABOL

Given the disparity in saRNA protein expression between pABOL and

205

LNP formulations, we then sought to test how saRNA formulation affects
vaccine immunogenicity using influenza hemagglutinin as a model an-
tigen (Fig. 4). We injected mice IM with 1 pg of saRNA encoding HA
from the Cal/09 influenza virus, formulated with the same formulations
as the in vivo protein expression experiments, and quantified the circu-
lating IgG antibody titers (Fig. 4A). We observed that despite pABOL
inducing higher protein expression, the LNP formulations resulted in
higher vaccine immunogenicity. Notably, LMO3PE resulted in HA IgG
levels of ~107 ng/mL at the 6-week timepoint, whereas LMO1PE,
LMO2PE, LMO4PE and LMO3PC antibody levels were at approximately
10° ng/mL and pABOL antibody levels were at ~10° ng/mL. Interest-
ingly, all formulations resulted in approximately equivalent antibody
titers (~104 ng/mL) after a single dose, but there were marked differ-
ences after the second vaccination. However, only the titers achieved
with LMO3PE and LMO4PE were statistically significantly higher than
those achieved with pABOL at week 6.

We then sought to determine whether the higher antibody titers
observed after vaccination with saRNA LNP formulations resulted in
increased protective capacity from viral challenge (Fig. 4B). All groups
vaccinated with LNP formulations exhibited minimal weight loss, with
LMO3PC and LMO4PE groups exhibiting slightly more weight loss than
LMO1PE, LMO2PE and LMO3PE. The group vaccinated with pABOL-
formulated saRNA exhibited slightly more weight loss than the LNPs,
~10% after 4 days, but all the mice were partially protected and fully
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Fig. 3. Effect of polymeric and lipid nanoparticle formulations on saRNA
protein expression in vivo. Quantification of fLuc expression from pABOL or LNP
(LMO1PE-LMO3PC) 7 days after injection. Mice were injected intramuscularly
with 5 pg of saRNA with an N:P ratio of 45:1 for pABOL and 8:1 for the LNP. For
imaging, mice were injected IP with D-luciferin substrate, allowed to rest for 10
min, anesthetized using isoflurane and imaged on an In Vivo Imaging System
(IVIS) FX Pro as described in the Methods section. Each circle represents one leg
of one animal, and line represents mean + SD, n = 5. *Indicates significance of
D < 0.05 compared to pABOL as determined by a Kruskal-Wallis test adjusted
for multiple comparisons.
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IN challenge with Cal/09 flu virus for either mice injected IM with pABOL or
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weight normalized to day O for each mouse, = SD for n = 5. *Indicates sig-
nificance of p < 0.05 compared to pABOL as determined by a Kruskal-Wallis test
adjusted for multiple comparisons.
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recovered. The naive mice group had significant weight loss that
resulted in all mice meeting the humane end point by day 5. Overall, we
observed that LNP formulations, especially LMO3PE, exhibited higher
systemic antibody titers and protection against influenza challenges
than the pABOL formulation.

3.4. IM and IN inoculation of saRNA LNP formulations result in both
systemic and mucosal SARS-CoV-2 specific IgG

Given the potency of the LMO3PE formulations tested in the influ-
enza immunogenicity, we next sought to characterize the dose response
curve for LMO3PE LNP and compare IM and IN routes of administration.
Using the spike glycoprotein from SARS-CoV-2 as a model antigen, given
that there may be advantages of IN administration for upper respiratory
infections and/or patient preferences, we formulated doses of 0.0001 to
1 pg of SARS-CoV-2 spike-encoding saRNA in LMO3PE LNP, and
compared these groups to 1 pg pABOL injected IM, 1 pg LMO3PE LNP
administered IN, and a naive group (Fig. 5). We then measured the
systemic antibody titers at 4 and 6 weeks (Fig. 5A). We observed that 1
jg of LMO3PE LNP administered IM had potent IgG responses of ~10°
ng/mL, compared to 1 pg of pABOL-formulated saRNA which resulted in
antibody titers of ~10° ng/mL at 6 weeks. The IM LNP groups exhibited
a linear dose response and the lowest group, which received just 0.0001
pg (0.1 ng of saRNA) exhibiting equivalent antibody titers to 1 pg of
saRNA formulated with pABOL. Encouragingly, we also observed sys-
temic antibody titers for the group that received 1 pg of LNP IN,
although the systemic IgG levels were two orders of magnitude lower
than the IM injection of the same dose. The mucosal IgG levels directly
mirrored the systemic antibody levels (Fig. 5B), and hardly any mucosal
antigen-specific antibody was detected in the 0.0001 pg IM LNP and
PABOL groups.

We also characterized the functionality of the antibody responses by
analyzing sera of vaccinated mice using a SARS-CoV-2 pseudotyped viral
neutralization assay (Fig. 5C). Again, the results mirror the systemic IgG
titers; the 1 and 0.1 pg groups had the highest ICsg levels (~5 x 10%),
whereas there was negligible neutralization from the 0.0001 pg IM LNP,
PABOL and naive groups. The group that received 1 pg LNP IN had an
appreciable ICsg of ~5 X 102, indicating that this route of administra-
tion may be clinically viable. These results show the potency of LNP as a
vaccine delivery platform compared to pABOL, and that IN adminis-
tration may be a viable option.

3.5. LNP formulations induce robust cellular responses against SARS-
CoV-2 compared to pABOL formulation

Given the promising humoral responses of the LNP, we also sought to
determine how the formulation (LNP vys. pABOL) and route of adminis-
tration (IM vs. IN) affected the cellular immunity. We re-stimulated
splenocytes with SARS-CoV-2 peptides 6 weeks after the initial vacci-
nation and two weeks after a boost, and analyzed the IFN-y secretion
using ELISpot™ (Fig. 6). Similar to the humoral responses, cellular re-
sponses were remarkably high in the IM LNP groups, with doses of 1, 0.1
and 0.01 pg resulting in ~1000 SFU/10° splenocytes. The 0.001 pg IM
LNP, 1 pg IN LNP and 1 pg pABOL groups had equivalent responses of
~250 SFU/10° splenocytes, with negligible responses from the 0.0001
pg LNP and naive groups. These results show that the IM LNP formu-
lations of saRNA induce superior cellular immunity compared to pABOL
and IN inoculation.

3.6. LNPs induce superior Th2 activation and reactogenicity compared to
PABOL

In order to probe why the LNP formulations resulted in higher vac-
cine immunogenicity despite pABOL inducing significantly higher pro-
tein expression, we sought to compare the reactogenicity of these
formulations. In order to characterize reactogenicity, we analyzed the
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sera of mice 4 h after injection with IM LNP/pABOL or IN LNP formu-
lations using a Th1/Th2 cytokine panel (Fig. 7), that included GM-CSF,
IFN-y, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-12 (p70), IL-13, IL-18 and TNF-a.
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We observed that all vaccine formulations resulted in slightly elevated
IFN-y, IL-12, IL-5, and TNF-a compared to the naive controls, but these
results were not statistically significant. However, LNP IM and IN, and
PABOL IM formulations did exhibit higher levels of IL-4 (~1 pg/mL),
whereas there was none detectable for the naive group (lower limit of
detection (LLOD) = 0.05 pg/mL). There was a major difference between
levels of IL-6 for the LNP IM group (~200 pg/mL) and the LNP IN,
PABOL and naive groups (~1 pg/mL). There was no detectable GM-CSF,
IL-1B, IL-2, IL-13 or IL-18 in these samples (data not shown). These data
indicate that saRNA formulation and route of administration can cause
acute, cytokine-driven reactogenicity that ultimately enable potent hu-
moral and cellular responses.

4. Discussion

Here, we characterized how polyplex and LNP formulations of
saRNA affect both protein expression and vaccine immunogenicity in
vivo in mice. We observed that pABOL, a bioreducible polymer, yielded
higher protein expression than all the LNP formulations tested in these
studies. However, the LNP formulations, especially LMO3PE, resulted in
higher humoral and cellular immunity to two different model antigens,
influenza hemagglutinin and the spike glycoprotein of SARS-CoV-2.
Within the LNP formulations, those with the phospholipid component
DOPE had enhanced immunogenicity over those that had DSPC. We
compared how the IM or IN route of administration affected LNP
immunogenicity and found that both inoculation routes resulted in
systemic and mucosal antibodies, although in each case the antibody
titers were an order of magnitude higher with IM injections. We assessed
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the acute systemic cytokine response to pABOL, IM and IN LNP saRNA
vaccines and found a significant increase in IL-6 expression with the IM
LNP formulation, which could be a contributing factor to the augmented
immunogenicity.

Although the size of the pABOL polyplexes and LNP were equivalent
(~80 nm, Fig. 2A), there were slight differences in the overall zeta po-
tential of the particles (Fig. 2B). The pABOL particles had a positive
surface charge, likely due to the relatively high N:P ratio, which was
optimized previously for these formulations [4]. On the other hand, the
LNP formulations had a neutral surface charge, as expected for ionizable
and PEGylated lipids, and is commonly the case for mRNA and saRNA
LNP formulations [6,24]. The differences in surface charge could have
had an impact on the immunogenicity, as it has previously been shown
that LNP charge can govern biodistribution [25]. However, investi-
gating the biodistribution to different tissues and local protein expres-
sion was beyond the scope of this study. Within the tested LNP
formulations, we observed that LMO4PE has the highest protein
expression, but LMO3PE was the most immunogenic for both model
antigens. Interestingly, the formulation with DSPC (LM03PC) had both
lower protein expression and lower immunogenicity than its DOPE
counterpart (LMO3PE). We hypothesize that the helper lipid in this case
also affected the biodistribution of the LNP, as DOPE and DSPC have
previously been observed to lead to preferential liver and spleen de-
livery, respectively, although this was after intravenous administration
[26].

To our knowledge, this is the first head-to-head comparison of
leading saRNA formulations (polyplex and LNP) to characterize both the
protein expression and immunogenicity. Interestingly, pABOL resulted
in higher protein expression, whereas LNP resulted in higher humoral
and cellular immunity. This indicates that intramuscular antigen
expression is not the only factor that affects vaccine immunogenicity,
but also that protein expression alone is a poor predictor of vaccine
effectiveness. All LNP formulations exhibited higher antibody titres than
PABOL at 6 weeks. Among the LNP formulations, LMO3PE exhibited the
highest systemic antibody titres. Overall, both LNP formulations and
PABOL protected against the influenza challenge. It is interesting to note
that all LNPs provided complete protection, whereas the mice in the
PABOL group exhibited some weight loss, indicative of delayed pro-
tection. This may be due to the differences in the antibody tires observed
(lower level of antibody titres than LNPs) at week 6. We tested whether
IN administration of LNP was a viable inoculation method, and observed
both systemic and mucosal antigen-specific, neutralizing antibody re-
sponses. This may be an advantageous route of administration for upper
respiratory infections, like COVID-19, as has been recently observed
with other vaccine platforms (ChAdOx) [27].

While the innate sensing of RNA is well-understood, the innate
sensing of delivery vehicles has largely been under investigated. Here,
we show that pABOL and LNP formulations both induce elevated levels
of IFN-y, IL-12, IL-5, and TNF-« 4 h after administration (Fig. 7). How-
ever, LNP with IM administration resulted in significantly higher levels
of IL-6, whereas pABOL and LNP administered IN were equivalent to the
control group. This increase in IL-6 has been previously observed for
mRNA LNP vaccines [21,28], and may account for the differences
observed in downstream immunogenicity. These experiments show that
different delivery platforms are advantageous for different niches of
saRNA applications; and that while LNP are more potent saRNA vaccine
formulations, pABOL formulations resulted in higher protein expression
and thus may be more suitable for protein replacement therapies. In
addition, these comparative studies highlight the importance of
considering the effects of immune sensing of biomaterials, in addition to
saRNA, on formulation efficacy.
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